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ABSTRACT

Chemically tuned water-flooding provides a relatively cheap method of enhanced
oil recovery from carbonate and sandstone reservoirs. Several possible recovery
mechanisms such as mineral dissolution, multi-component ion exchange, double-layer
expansion, adsorption/desorption from rock surface, reduction in interfacial tension, and
fines migration that have been proposed are widely debated. The combination of these
processes may result in wettability alteration that increases sweep efficiency of waterflooding. Here, wettability alteration due to water-rock interactions will be examined
numerically.
To evaluate the wettability alteration, separation between breakthrough curves of
the non-reactive component and the cations based on the chromatographic separation will
be used due to chemically altered water-flooding. Because the chromatographic separation
only takes place at the water-wet surfaces. Breakthrough curves from a chromatographic
separation of a published experimental high salinity water injection into the carbonate cores
study were matched using reactive transport modeling. Geochemical reaction considering
dissolution/precipitation and surface complexation processes coupled with fluid flow and
transport in porous media were modeled.
The change of wettability with different parameters was consistent with the results
of the surface complexation model, >CaCO3-, >CaOH2+, >CO3Mg+ and >CaSO4- strongly
influence the total surface charge. For the primary ions, Ca2+ and SO42− were shown as
significant factors in determining the wettability by orthogonal array test. Also, the
equilibrium constant is the most important parameter in the surface complexation model,
which will give the largest variance of wettability indicator.
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NOMENCLATURE

Symbol

Description

Awett

Sulfate adsorption area (area between thiocyanate and sulfate effluent
curves)

γso

Interfacial tension for surface-oil

γsw

Interfacial tension for surface-water

γow

Interfacial tension for oil-water

C

The total concentration of ions (mol/m3)

t

Time (s)

D

Combined dispersion-diffusion tensor (m2/s)

v

Flow velocity vector (m/s)

D*

Effective diffusion coefficient in porous media (m2/s)

vx

Velocities in longitudinal direction (m/s)

vy

Velocities in transverse direction (m/s)

α

Longitudinal dispersivity (m)

k

Rate constant (mol/m2/s)

A

Surface area (m2);

IAP

Ion activity product

Keq

Equilibrium constant

SSA

Specific surface area (m2/g)

TSD

Total site density (sites/nm2)

DC

Diffusion coefficient (m2/s)

LogK

Logarithm of Keq

1. INTRODUCTION

1.1. BACKGROUND OF HIGH-SALINITY WATER-FLOODING TECHNIQUE
The International Energy Agency oil market report illustrates the worldwide
average demand is around 96 million barrels of oil and liquid fuels per day for the
forecasting of 2016, which also forecast the number will increase to over 100 in five years.
However, 97 million barrels of oil was produced per day in late 2015 (IEA, 2015).
Therefore, it is important to increase oil recovery for the petroleum industry to keep or
increase the production rate of hydrocarbons. More than 60% of the world’s remaining oil
and 40% gas reserves exist in carbonate reservoirs (Sheng, 2013). The oil recovery is less
than 10% from primary recovery for carbonate reservoir which also responses poorly to
secondary recovery from water injection (Xie et al., 2004). The reason for the low recovery
is oil-to-mixed wet, low permeability, natural fractures and heterogeneous properties of
rock (Cuiec, 1984).
Besides primary and secondary recovery methods, numerous of EOR methods have
been developed and applied to increase oil recovery. One of the screening considerations
is reservoir lithology which limited the application of specific EOR method. Figure 1.1
shows 1,507 international EOR projects, and gas injection is the most traditional EOR
method in carbonate methods (Alvarado and Manrique, 2010). Contrary to sandstone
reservoirs, thermal methods are infrequently used in carbonate reservoir, because these
processes make a small contribution to improving the macroscopic sweep efficiency. The
fluid likely flows through the fracture with high permeability and bypass the oil in the rock
matrix.
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Figure 1.1. EOR methods by lithology (Alvarado and Manrique, 2010)

Water-flooding has been widely used as a secondary oil recovery method due to
pressure support and the increasing of macroscopic sweep efficiency. It is an inexpensive
and efficient method which can accomplish 30% to 40% oil recovery. For carbonate
reservoirs, water flooding is usually not worked well in fractured carbonate reservoirs.
Because the wettability of rock surface is not favorable for fluid flow into the oil containing
matrix through the fractures. The consequence is an early breakthrough of injected fluid
which flows through fractures from injection to production wells.
At first, the composition of water was not regarded as the main parameter affecting
the oil recovery. Whereas, recent experimental studies have indicated that salinity and ionic
composition influence crude oil-brine-rock interaction in a favorable way which modifies
wettability to preferential oil-wet and increase oil recovery (Fathi et al., 2010). Hence,
injection water of different composition, such as “Smart Water” which is made by
optimizing the ionic composition of injected fluid, can be classified as a tertiary recovery
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method. And Smart Water has a positive effect on the capillary pressure and relative
permeability of oil and water regarding oil recovery. Therefore, the oil is more easily
displaced from the porous matrix network, which will improve the oil recovery (Austad,
2013).
In recent years, lots of coreflooding experiments have been used to analysis the
process of compositional water flooding. Figure 1.2 shows a schematic of coreflooding
experiment set-up, including two pumps, accumulators, and coreholder. ISCO syringe
pump can provide constant pressure or constant rate conditions for displacement fluid. The
coreholder will be put in an oven when high temperature condition is needed. Stainless
steel accumulators with floating pistion store brines and oil phase for injecting into the core
in coreholder. Confining pressure is used to make sure all fluid flow through the core. A
back pressure regulator is installed to keep the outlet flow pressure constant. The pressure
drop between coreholder inlet and outlet can be measure by pressure sensors during the
flooding process.
Results of these coreflooding studies have demonstrated improvement oil recovery
on chalk, dolomite, and limestone outcrop and reservoir cores either by increasing calcium
(Ca2+), magnesium (Mg2+), or sulfate (SO42-) (Yi and Sarma, 2012; Kafili Kasmaei and
Rao, 2014). From Figure 1.3, the oil recovery reached 68% by secondary formation water
injection. Additional oil recovery of 7% and 19% were unlocked by the seawater and
seawater with 4 times sulfate respectively, which proves the effectiveness of compositional
water flooding. In Figure 1.4, the oil recovery increased significantly by modifying the
injection brine salinity and sulfate concentration.
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Figure 1.2. Schematic of coreflooding experiment set-up (Alotaibi et al., 2010)

Figure 1.3. Core flooding experiments by injecting high salinity brine (Yi and Sarma,
2012)
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Figure 1.4. Effect of composition in brine on oil recovery (Kafili Kasmaei and Rao,
2014)

Even though the compositional water flooding has been successfully applied in
several experiments, it still does not work in some situations (Agbalaka et al., 2009; Jiang
et al., 2014). This means it is important to understand the mechanisms of compositional
water flooding.
In recent studies, the brine with salinity varying from 220 ppm to 97,000 ppm has
been successfully used to enhance oil recovery in carbonate reservoirs (Austad et al., 2011;
Al Harrasi et al., 2012; Kafili Kasmaei and Rao, 2015). Seawater can be an excellent
example of Smart Water to alter wettability towards more water-wet conditions in chalk
and consequently improve oil recovery (Zhang et al., 2007). The advantages of this
technique are environmentally friendly, no expensive chemicals are added, and no injection
problems. Oil recovery increased from 50 to 55% was observed by seawater injection at
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the Ekofisk field, compared with most carbonate reservoir with the production of less than
30% original oil in place (Strand, 2005).
In the beginning, the reducing of ionic strength was found to be a reason for
increasing oil recovery by injection brine in core flooding experiments (Bagci et al., 2001).
Meanwhile, a series of studies focus on the interaction between chalk and seawater and the
impact on oil recovery by high salinity water injection into the highly fractured Ekofisk
chalk formation (Standnes and Austad, 2000; Strand et al., 2003; Hognesen et al., 2005;
Strand et al., 2006; Tweheyo et al., 2006; Zhang et al., 2006; Zhang et al., 2007). Austad
et al. (2005) illustrated that seawater, with an initial concentration ratio of calcium and
sulfate equal to 2, proved to be an effective injection fluid as wettability modifier in
fractured chalk. However, the wettability condition barely changed when the concentration
of calcium is 6 times higher than the concentration of sulfate because the chalk surface will
still remain strongly positively charged. Thus, the injection fluid cannot mobilize oil from
the matrix blocks, which means no extra oil will be produced. Then, the mechanism of
wettability alteration suggested being an interaction between adsorbed negatively charged
carboxylic material and the cationic surfactant monomers (Standnes and Austad, 2000).

1.2. MECHANISM FOR WETTABILITY MODIFICATION
Carbonate reservoirs, including chalk, limestone, and dolomite, contains more than
50% of the known petroleum reserves. At relevant reservoir conditions, the carbonate
surface is positively charged in most cases. In oil phase, the negatively charged carboxylic
group (-COO-), other end connected with crude oil, are commonly found in the heavy end
fraction of crude oils, like the asphaltene and resin fraction (Speight, 1999). If only
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formation water exists in the reservoir, all of the surface area contact with water, which
means the reservoir is water-wet for everywhere. However, the aging process will happen
when crude oil existing and contacting with rock surface for a long time in the reservoir.
The result of the aging process is the strong bond between the negatively charged
carboxylic group and the positively charged sites on carbonate surface. The surface is oilwet due to the occupation of oil component of the surface sites.
Acid number (mg KOH/g) can determine the amount of carboxylic group in crude
oil. Figure 1.5 shows the impact of the acid number of crude oil on the oil recovery versus
time. The different curves are generated by spontaneous imbibition of water into chalk
cores saturated with oils of the different acid number. In the figure, the imbibition rate and
oil recovery decreased sharply as the acid number of the oil increased. The chemical
properties of the carboxylic material in the crude oil also have eﬀect of synthetic water to
act as a wettability modiﬁer (Fathi et al., 2011).
Carbonate reservoirs with high temperature seemed to be more water-wet compared
to low temperature reservoirs (Rao, 1996). The reason is the relationship between
temperature and acid number. The acid number of the crude oil decreases as the reservoir
temperature increases due to increased decarboxylation of the acidic material at high
temperatures. Calcite can catalyze this decarboxylation process (Shimoyama and Johns,
1972).
The composition of the formation water can affect the wetting properties as well.
Sulfate is the most active ion regarding wetting properties in carbonates. Even small
amounts of sulfate present in the formation water can have great eﬀects on the initial
wetting condition for a carbonate reservoir. Due to the high concentration of Ca2+ in the
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formation brine, and especially in combination with high temperatures, the amount of SO42present in the formation water is usually very low due to precipitation of anhydrite,
CaSO4(s). Sulfate in the formation water appeared to be the active species preventing
adsorption of carboxylic material onto the rock surface, which will increase the water
wetness of the system (Shariatpanahi et al., 2011).

Figure 1.5. Spontaneous imbibition of brine into chalk cores saturated with different
crude oils (Standnes and Austad, 2000)

The seawater used for carbonate reservoirs is usually with salinity about 33,000
ppm. The mechanism for wettability alteration of carbonates was examined by Zhang et al.
(2007). Figure 1.6 shows the suggested chemical mechanisms for wettability alteration.
Because the carbonate surface is positively charged, the negatively charged carboxylic
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group (-COO-), the component containing in crude oil, will affix on carbonate surface. The
bond between these two elements is very strong, which is the reason of oil-wet on carbonate
surfaces. To lower electrostatic repulsion between Ca2+ and mineral surface, negatively
charged SO42- will adsorb on water-wet sites on chalk surface, which also encourage Ca2+
to become a new calcium carboxylate complex. Thus, the negatively charged crude oil
components are released from the mineral surface. Besides Ca2+, Mg2+ is suggested as a
substitution that can displace Ca2+ in carboxylate complex at high temperatures (> 90℃),
in a 1:1 reaction. In the whole process, SO42- only plays a role of catalyst in facilitating
Ca2+ close to the surface.

Figure 1.6. Suggested chemical mechanism for wettability alteration of carbonate (Zhang
et al., 2007)

The following reaction indicates the ion exchange process on the surface
(RezaeiDoust et al., 2009):
RCOO--Ca-CaCO3(s) + M2+ + SO42- = M-CaCO3(s) + RCOO-Ca+ + SO42-

(1)
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M is calcium or magnesium. When the carboxylic group is released the carbonate surface
becomes water-wet. RezaeiDoust et al. (2009) summarized the injection compositional
water must contain sulfate in addition to either calcium or magnesium or both for carbonate
wettability alteration, and high temperature (> 90℃) is necessary. However, from several
core flooding experiments high temperature is not a prerequisite (Strand, 2005; Strand et
al., 2006).Thus, the high temperature is not a necessary condition for wettability alteration
to occur on carbonate. The contact angel varies from intermediate-wet to water-wet as
temperature increased from 20℃ to 130℃ by using of seawater with four times more
sulfate in Yu et al. (2007).
However, several studies observe the 1:1 substitution of Ca2+ by Mg2+ do not show
in coreflooding experiments with seawater above 90℃ (Vo et al., 2012; Chandrasekhar,
2013). Madland et al. (2011) disputed that the substitution process is not the only reason
for the decreasing of magnesium and the increasing of calcium. The results of calculation
suggest that magnesium is precipitated forming new mineral phases. In the meanwhile,
both calcite and silicate are dissolved during this process. In Figure 1.7, scanning electron
microscopy (SEM) micrographs show magnesium bearing carbonates and silicates present
on the chalk surface. This work also proves the precipitated minerals acquired magnesium
from the brine while rock matrix dissolved to produce silicates, calcium, and carbonate
(Madland et al., 2011). The same 1:1 substitution trend was found in brine effluent by
Ahsan and Fabricius (2010). But the reason is confirmed by x-ray diffraction (XRD) that
calcite dissolution with an equal amount of magnesium precipitated on calcite surface.
Additional deformation takes place due to a significant amount of calcium and silicon
dissolved from the rock matrix (Vo et al., 2012).
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Figure 1.7. SEM micrographs of Liège chalk outcrop core. Clean calcite surface after
flooding with distilled water (left); surface covered with carbonate-like aggregates
(middle) and clay-like silicate mineral (right) after flooding with 0.11 mol/L MgCl2.
(Madland et al., 2011)

In carbonate reservoirs, the carboxylic material found in the heavier parts of crude
oil adsorbs on the surface of the rock and turn it oil-wet over time. The mechanism of
wettability alteration during chemically tuned water-flooding seems to be adsorption of the
cations in the water and desorption of negatively charged carboxylic material on the rock
surface, which alter the rock toward water-wetness (Standnes and Austad, 2000). However,
it has also been suggested that at elevated temperatures, dissolution/precipitation reactions
might happen as well, which will impact surface chemistry significantly (Zhang et al.,
2007). In addition, enhanced recovery greatly depends on the chemical composition and
pH of the injected water (Zhang et al., 2006; Fathi et al., 2011). Therefore, several
processes might contribute to the wettability alteration in these reservoirs, and all these
phenomena should be studied simultaneously in order to identify the controlling parameters
of the wettability change process. Experimental and field scale projects indicate that
incremental oil recovery by chemically tuned water injection vary significantly case-bycase (Zhang et al., 2007; Yousef et al., 2012). Recently, two research groups have started
to model the effects of desorption and contact angle changes on wettability alteration in
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carbonate reservoirs (Al-Shalabi et al., 2014; Qiao et al., 2014). However, no systematic
numerical study has been carried out that consider all the possible water-rock interactions
simultaneously.
Rock mineral dissolution is supposed to be another mechanism for wettability
modification. The dissolution happens when the ion concentration gradients existed
between formation water and injected compositional water. So the chemical equilibrium
can be achieved by mineral dissolution process(Vo et al., 2012). As schematic in Figure
1.8, the oil component can be released and disclose a water-wet surface. The anhydrite
dissolution accounts for oil recovery increasing by injecting compositional water
(Romanuka et al., 2012).

Figure 1.8. Schematic of the proposed rock dissolution mechanism (Hiorth et al., 2010)
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1.3. WETTABILITY DETERMINATION
Wettability has a critical influence on multiphase, like oil and water, flow in
reservoir rock and fluid distribution, especially for the ultimate oil recovery by using waterflooding in the reservoir (Strand, 2005). For an oil-wet reservoir, oil tends to have more
contact with the matrix than water. The measuring contact angle between a solid and two
immiscible phase is the simplest way to determine the wettability. For two immiscible
phase, the wetting phase is more strongly affix to the solid than the other phase called nonwetting phase. In Figure 1.9, the wettability separately is water-wet, mixed-wet and oilwet from left to right. The contact angle (θ) is a measure for the wettability of a phase, and
it related to the interfacial tension γso, γsw and γow for surface oil, surface water, and oil
water terms. When θ < 90˚ the wettability indicates water-wet. For an oil-wet case, the
contact angle between oil and mineral surface is θ > 90˚. If the contact angle is around 90˚
it is intermediate wetting (Dake, 1983).

Figure 1.9. Example of wettability differences for an oil droplet (Abdallah et al., 1986)

The methods used in this work to determine wettability are chromatographic
wettability tests, which are core flooding tests injecting different composition of formation
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water, and the core was saturated with 100% formation water or residual oil. The area
(Awett) between breakthrough curves of SCN- and SO42- quantifies the amount of SO42adsorption during the chromatographic wettability test (Zhang et al., 2007). The surface
area occupied by SO42- can reflect the area contacted by aqueous phase. This method was
developed by Strand et al. in 2006, and it needs thiocyanate to act as a non-adsorption
tracer. Figure 1.10 shows relative concentration of these two ions against injected pore
volume. Because the tracer (SCN-) will not have any reaction during the flooding. In the
meanwhile, sulfate will adsorb on the positively charged rock surface. As this reason, the
concentration of sulfate will increase slowly that the tracer. So the area between two
breakthrough curves represents the amount of sulfate adsorption on the rock surface in the
water phase. As the mechanism mentioned before, the larger size of the area between two
breakthrough curves indicates the rock surface tend to be more water-wet.

Figure 1.10. A chromatographic separation of SCN- and SO42- (Strand et al., 2006)
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1.4. OBJECTIVE
Chemically tuned water-flooding has been reported to increase oil production from
both carbonate and sandstone reservoirs. In carbonate rocks, high salinity water injection
into chalk enhanced oil recovery up to 40% OOIP (Zhang et al., 2007). In sandstone rocks,
low salinity water-floods have been documented to increase recovery up to 40% OOIP
(McGuire et al., 2005; Lager et al., 2008; Yu-Shu Wu and Baojun Bai, 2009). However,
the incremental recovery varies case-to-case significantly and may be considerably lower
in field tests (Webb et al., 2004; Lager et al., 2008). There is a consensus that wettability
alteration of the rock from oil-wet to water-wet is a primary mechanism of increased
recovery during chemically tuned water-flooding. However, the processes that may result
in wettability alteration are debated. Water-rock interactions such as mineral dissolution/
precipitation, adsorption/desorption, and cation exchange are among the proposed
processes. The object of this study is to quantify the importance of water-rock interactions
on wettability alteration during chemically tuned water-flooding through the systematic
use of experimentally verified numerical models. For the first time, all possible water-rock
interaction processes will be modeled simultaneously to reproduce experimentally
measured concentrations from a published paper. In addition, the sensitivity of wettability
alteration to hydrogeochemical properties of the system will be explored.
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2. METHODOLOGY

2.1. REACTIVE TRANSPORT MODELING
CrunchFlow (Steefel and Lasaga, 1994), a software package for simulating reactive
transport, is based on the governing coupled partial differential equations with a finite
volume discretization. Thus, it can link flow, solute transport, multicomponent equilibrium
and kinetic reactions in porous media (Steefel et al., 2015). It solves governing mass
conservation equations for reactive transport modeling:
−

𝜕(𝐶)
𝜕𝑡

= 𝛻(−𝐷𝛻𝐶 + v C ) + 𝑅𝐶𝑎𝐶𝑂3

(2)

where C is the total concentration of ions (mol/m3); t is time (s); D is the combined
dispersion-diffusion tensor (m2/s); v is the flow velocity vector (m/s).
The dispersion-diffusion tensor D is defined as the sum of the mechanical
dispersion coefficient and the effective diffusion coefficient in porous media D* (m2/s). At
any particular location (grid block) with flow velocities in longitudinal and transversal
directions being vx and vy, their corresponding DL and DT are the dispersion coefficients
(m2/s) given by
D = 𝐷∗ + 𝛼𝑣

(3)

where D* is the effective diffusion coefficient in porous media (m2/s), and the value is 1.43
×10-10 m2/s (Hill, 1984); 𝛼 is longitudinal dispersivity (m). In this work, α was set to be
0.05 cm (Heidari and Li, 2014). Without considering spatial variation, effective diffusion
coefficient and dispersivity for each grid are same. In this study, the size of each grid block
is 0.1 cm × 0.1 cm, and total is 30 × 80 grids in the model. Grid size effect was eliminated
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by step-by-step resolution increases and choosing the largest grid-size that the results did
not change with higher resolutions.

2.2. REACTION NETWORK
Calcite dissolution and precipitations has been considered in the model following
three parallel dissolution reactions from previous literature (Chou et al., 1989):
CaCO3 + H+ → Ca2+ + HCO3-

(4)

CaCO3 + H2CO30 → Ca2+ + 2HCO3-

(5)

CaCO3 → Ca2+ + CO32-

(6)

The reactions follows a Transition State Theory (TST)-based rate law (Chou et al.,
1989):
𝑛
𝑛
𝑅𝐶𝑎𝐶𝑂3 = (𝑘1 𝑎𝐻
+ + 𝑘2 𝑎
𝐻2 𝐶𝑂0 + 𝑘3 )𝐴(1 −
3

𝐼𝐴𝑃
𝐾𝑒𝑞

)

(7)

where k1, k2 and k3 are the rate constants (mol/m2/s); a H+ and an H2CO3 are the activities
of hydrogen ion and carbonic acid; A is the surface area (m2); IAP is the ion activity product
of reaction (4); Keq is the equilibrium constant. For calcite dissolution, the value of k1, k2
and k3 are 8.9×10-1, 5.0×10-4, and 6.5×10-7, respectively, and n is 1.0 (Chou et al., 1989).
For this work, only the reaction network between water and calcite is considered
on calcite surface, because the goal is to study water-rock interactions under conditions
similar to those in high-salinity water-flooding. Primary and secondary species are divided.
The primary species includes aqueous ions H+, Na+, K+, Ca2+, Mg2+, Cl-, HCO3-, SCN-,
SO42- and surface species >CaOH, >CaOH2+, >CaSO4-, >CaCO3-, >CO3H, >CO3Ca+,
>CO3Mg+ and >CO3-, which are calculated by mass conservation equation. Then the
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secondary species are calculated based on equilibrium constant of each reaction and the
concentration of primary species. Table 2.1 shows the reaction network for calcite surface
and equilibrium constants for each reaction at 25℃.

Table 2.1. The reaction network for Calcite surface (Pokrovsky and Schott, 2002; Brady
and Krumhansl, 2012; Qiao et al., 2015)
Log Keq (25℃)
Reaction
>CaOH + H+ ↔ >CaOH2+

11.80

>CaOH2+ + SO42- ↔ >CaSO4- + H2O

-2.10

>CaOH2+ + CO32- ↔ >CaCO3- + H2O

6.00

>CO3H ↔ >CO3- + H+

-5.10

>CO3Ca+ ↔ >CO3- + Ca2+

-2.50

>CO3Mg+ ↔ >CO3- + Mg2+

-2.50
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3. RESULTS AND DISCUSSIONS

3.1. SIMULATION MODEL SETUP
This section will cover the simulation results obtained by Crunchflow, software for
simulating multicomponent multi-dimensional reactive transport in porous media. In the
past decade, various core flooding experiments have been carried out to understand the
mechanism for chemically tuned water-flooding (Strand, 2005; Strand et al., 2006; Strand
et al., 2008; Fathi et al., 2010). The data used to build and verify the model in this paper
are from Strand et al. (2006).
3.1.1. Basic Parameters. In the experiments, the homogeneous Stevns Klint (SK)
chalk cores (3.6 cm in diameter and 8.0 cm in length) were used with porosity ranging from
45% to 50%, characterized as 100% calcite rocks. Permeability was between 1 and 2 mD
for these cores. The cores were dried at 90℃ to constant weight. After drying process, they
were saturated with formation brine (Brine A) and then flooded by two kinds of synthetic
brine (Brine B and C) with different ion concentration. The brines used are termed A, B,
and C, and the compositions are listed in Table 3.1. Brine C is synthetic seawater with
sulfate of 0.024 mol/l and the same amount of tracer (thiocyanate). Brine B has a lower
concentration of sulfate and thiocyanate. The total dissolved solids are same for all
chromatographic brines.
As shown in Table 3.3, a 2-D model was used to simulate the experiment work with
30×80 grid blocks in the x-y coordinates. The experimental data from Strand et al. (2006)
were used to validate the model in this study and to obtain the results. The dispersivity
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value was tuned to match the base case. The input data used for Crunchflow are in Table
3.2.

Table 3.1. Composition of formation water and synthetic seawater (Strand, 2006)
Brine A (mol/l)
Brine B (mol/l)
Brine C (mol/l)
Na+

0.500

0.475

0.450

K+

0.010

0.022

0.034

Mg2+

0.045

0.045

0.045

Ca2+

0.013

0.013

0.013

Cl−

0.623

0.574

0.525

HCO3 −

0.002

0.002

0.002

SO42−

0.000

0.012

0.024

SCN−

0.000

0.012

0.024

TDS, g/l

35.72

35.72

35.72

Table 3.2. Crunchflow input data
Description
Units

Value

Permeability

md

1

Flow velocity

ml/min

0.2

Specific surface area of chalk

m2/g

2

Chalk surface total site density

nm-2

3

Diffusion coefficient

m2/s

1.43×10-10

Temperature

℃

25

Calcite dissolution rate

mol/(m2∙s)

10-6

Porosity

%

45

PH

-

8.4

Calcite dissolution equilibrium constant

-

102.1
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L=8 cm

Z=1 cm

X=3cm

D=3.6 cm

Table 3.3. Geometry of the model used in the experiments and simulations
Core
Model
Y=8 cm

3.1.2. Chromatographic Wettability Test. Chromatographic wettability tests are
core floods where brine of different composition than the formation water is injected into
a 100% water saturated core (Strand et al., 2006). Figure 3.1 shows the breakthrough curves
in a water-wet core without oil. The dispersivity coefficient was determined by the
breakthrough curve of the nonreactive tracer SCN-. Because the breakthrough curve of
SCN- only relates to dispersivity and diffusion coefficient which is known. The area (Awett)
between the breakthrough curves for SCN- and SO42- during the chromatographic
wettability tests quantifies the amount of SO42- adsorption as discussed by Zhang et al.
(2007). The adsorbed amount reflects the quantity of surface sites available to adsorb SO42, which in turn is used to quantify the surface area contacted by aqueous phase. If more
surface area contacted by aqueous phase the surface will tend to more water-wet. So the
Awett has a positive relationship with the water-wet extent.
From the experiment tests, the average number of Awett is 0.170 for the core
saturated with brine A and flooded by brine C in Table 3.4. The simulation data of area
between two curves for the same situation is 0.171, which is in agreement with the data
and can be considered as a match of the experimental result.
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Figure 3.1. SCN- and SO42- breakthrough curves from simulations and experiments
(Strand et al. 2006). For brine C injection into brine A saturated core

Table 3.4. Data of the different wettability tests (Strand et al. 2006)
test

Chalk type

Core saturation

Swi

Flooding brine

AWett

1

SK

Brine A

1.00

Brine B

0.251

2

SK

Brine A

1.00

Brine B

0.231

3

SK

Brine A

1.00

Brine C

0.168

4

SK

Brine A

1.00

Brine C

0.171

3.1.3. Simulation Stability. In order to ensure that the model in this study can be
used to predict water-rock interaction under the different condition that used in the
matching phase, a case with a different brine concentration was used to verify the model
(Strand et al., 2006). Therefore, the flooding brine was changed from brine C to brine B.
Other parameters were kept constant, except for dispersivity, which was tuned to match the
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nonreactive tracer curve since different porous media have different dispersivities. As
shown in Figure 3.2, the experiment results and simulation results are in agreement. For
two cases that were experimented using this condition, Awett was 0.23 and 0.25 (Table 3.4).
The separation area, Awett, of simulation results for the core flooded by brine B was 0.223,
which prove that this model can capture hydrogeochemical processes under variable
conditions.

Figure 3.2. SCN- and SO42- breakthrough curves from simulations and experiments
(Strand et al. 2006). For brine B injection into brine A saturated core

3.2. SURFACE COMPLEX
In this section, the results of surface complexation modeling are presented, which
illustrates the separation behavior in the breakthrough curves by analyzing the

24
concentration of surface complexes throughout the injection process. The distribution of
surface complexes is shown in Figure 3.3. As presented in the brine composition table,
there are Ca2+, Mg2+, SO42- and other ions in solution. These three specific ions dominate
the effects. There are two reaction sites at carbonate surface: carbonate sites (>CO3-) and
calcium sites (>Ca+). At this situation some of the carbonate sites (>CO3-) are protonated,
forming >CO3H without any charge, while most of the sites are occupied by Ca2+ and Mg2+,
forming >CO3Ca+ and >CO3Mg+. Most of the surface is dominated by carbonate complexes
(>CaCO3-). The surface concentration of >CaCO3-, >CaOH2+, >CO3Mg+ and >CaSO4- is
on average 10 times higher than any other surface complexes. This indicates the strong
affinity of the carbonate sites to Ca2+ and Mg2+ and the calcium sites to SO42-.

Figure 3.3. Concentration of surface complexes versus injected pore volume at the
calcite surface for base model
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In Figure 3.4, as injected pore volume increases, the surface concentration
of >CaSO4-, >CO3Ca+ and >CO3H increases due to SO42- adsorbing onto the carbonate
surface while more carbonate sites (>CO3-) comes. However, the surface concentration
of >CO3Mg+, >CaOH and >CaCO3- decreases, because >CaOH2+ barely increasing and
affix to CO32-.

Figure 3.4. Concentration ratio of surface complexes versus injected pore volume at the
calcite surface for base case

3.3. THE EFFECT OF DIFFERENT PARAMETERS
In this section, the tuned reactive transport model was used to examine wettability
alteration as a function of several test parameters, including specific surface area, surface
site density, diffusion coefficient, salinity, pH, and equilibrium constants.
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3.3.1. Specific Surface Area of Chalk. The specific surface area (SSA, m2/g)
represent the total surface area of material per unit mass. The total number of surface sites
depends on both chalk specific surface area and surface site density. SSA was 2 m2/g in
the base model. SSA sensitivity study was performed by varying the specific surface area
from 1 to 3 m2/g while all other parameters including surface site density were kept
constant (Figure 3.5). It was observed that Awett increases with increase of specific surface
area, which means more sulfate adsorption and possibly more wettability alteration with
increase of surface sites. As illustrated in Figure 3.8, Awett increases with increase of surface
area that might might be interpretated as higher wettability alteration. However, if the ratio
between Awett and the available surface area is assumed as the indicator of the extent of
wettability alteration, the ratio is decreasing with increase of SSA after SSA increases over
3 m2/g. Increase of surface area obviously increase surface complexation activities. So the
conclusion cannot be made if that leads to more extensive wettability alteration based on
the experimental data and the generated numerical simulation data.
Figure 3.6 shows the effect of chalk specific surface area on change of
concentration of main surface complexes versus injected pore volume. Increase of specific
surface area results in proportional increase of concentration of all four complexes that
occurs due to more available sites on the surface.
Concentration of all surface complexes has a nearly linear relationship with the
specific surface area as shown in Figure 3.7. At low values of SSA, insignificant amount
of complexes exist due to lack of area for the surface sites. >CaSO4- keeps increasing with
increase of SSA that represents more sulfate adsorption, which is accordant with the Awett
results.
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Figure 3.5. Breakthrough curves for different value of specific surface area of chalk.
(SSA 1 for 1 m2/g, SSA 2 for 2 m2/g, SSA 3 for 3 m2/g)

Figure 3.6. Concentration of surface complexes versus injected pore volume. (Dot line
for SSA 1 m2/g, dash line for SSA 2 m2/g, solid line for SSA 3 m2/g)
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Figure 3.7. Concentration of surface complexes versus specific surface area

Figure 3.8. Area between breakthrough curves versus specific surface area
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3.3.2. Chalk Surface Total Site Density. The chalk surface total site density (TSD
= number of sites/nm2) also affects the total number of surface sites. The number for base
model was 3 sites/nm2. Figure 3.9 shows the effect of increase of TSD is similar to the
effect of specific surface area increase. Higher site density results in more available site for
sulfate adsorption. Therefore, the sulfate breakthrough curve moves to the right with higher
site density. The surface concentration of all complexes follow similar trend that was
observed in the study of the effect of specific surface area in Figure 3.10 since these two
parameters determine the number of available sites.
Figure 3.11 shows the surface concentration of each complex increases with TSD.
The different between Figure 3.7 and Figure 3.11 is the initial concentration of the
complexes. The effect of SSA is more significant on the number of surface sites compared
to TSD.
In Figure 3.12, Awett have direct linear proportion to total site density from 2 to 5
sites/nm2. The Awett shows a high dependence on total site density with a positive slope.
With increase of TSD from 2 to 5 sites/nm2, the Awett increased 2.5 times. The linear trend
of increase of Awett and concentration surface complexes by increasing the number of
surface sites (SSA and/or TSD) is due to the fact that surface complexation processes was
modeled as thermodynamically controlled reactions rather than kinetically controlled
reactions. Therefore, reactions occur instantaneously at grid-block levels following
equilibrium constant values. The trends might have looked slightly different if kinetics was
considerd.
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Figure 3.9. Breakthrough curves for different value of chalk surface total site density.
(TSD 2 for 2 sites/nm2, TSD 3 for 3 sites/nm2, TSD 4 for 4 sites/nm2)

Figure 3.10. Concentration of surface complexes verus injected pore volume. (Dot line
for TSD 2, dash line for TSD 3, solid line for TSD 4)
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Figure 3.11. Concentration of surface complexes versus total site density

Figure 3.12. Area between breakthrough curves versus total site density
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3.3.3. Diffusion Coefficient. The diffusion coefficient is important because it
controls the transport rate of the ions into the core in conjunction with advection (velocity).
The impact of changing diffusion coefficient on breakthrough curves is shown in Figure
3.13. Sulfate ions travel faster with a larger diffusion coefficient, which can lead to more
adsorbed sulfate at the earlier stages of flooding. However, Awett does not change
significantly by diffusion coefficient. This observation is in accordant with the work
previous studies by Qiao et al. (2015). The diffusion coefficient is not a main parameter
for the effect of these surface reactions. Therefore, the diffusion coefficient has a negligible
and effect on the surface concentration of complexes area between breakthrough curves as
Figure 3.14, Figure 3.15 and Figure 3.16.

Figure 3.13. Breakthrough curves for different value of diffusion coefficient. (DC
5.1×10-11 for 5.1×10-11 m2/s, DC 1.43×10-10 for 1.43×10-10 m2/s, DC 2.4×10-10 for 2.4×1010
m2/s)
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Figure 3.14. Concentration of surface complexes versus injected pore volume. (dot line
for DC 5.1×10-11, dash line for DC 1.43×10-10, solid line for DC 2.4×10-10)

Figure 3.15. Concentration of surface complexes versus diffusion coefficient
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Figure 3.16. Area between breakthrough curves versus diffusion coefficient

3.3.4. Salinity. The salinity of brine is changed by the concentration of four ions
(Mg2+, Ca2+, HCO3

–

and SO42−). 0.5, 1 and 2 times of the concentration were used to

demonstrate the effect of salinity. From the Figure 3.17, the breakthrough curves are
similar before 1 pore volume injection. Then, more sulfate adsorption happened on high
salinity case. But three curves reach the same end at 1.9 pore volume injection. Higher
concentration of these four ions leads to more adsorption of sulfate.
For Figure 3.18, all complexes keep at the same concentration with different
salinity. During injection, 2 times salinity test shows the lowest concentration of >CaCO3and highest concentration of >CaSO4-.The concentration of >CaOH2+ and >CO3Mg+ barely
changed.
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The surface concentration of >CaCO3- decreases with salinity increasing in Figure
3.19. In the meanwhile, >CaSO4- shows an inverse trend, it keeps increasing with salinity
increasing from 0.5 to 2 times. Other complexes have slight difference with varying salinity.
This means more area of rock surface is occupied by sulfate, but the dissolution of calcite
is less due to high concentration.
In Figure 3.20, the area between breakthrough curves keeps increasing from 0.5 to
1.5 times of the salinity. Then, it shows constant number after 1.5 times of the concentration.
The Awett only increase 60% from 0.5 to 2 times.

Figure 3.17. Breakthrough curves for different value of salinity. (Salinity 0.5 for half
concentration, Salinity 1 for base concentration, Salinity 2 for 2 times concentration)
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Figure 3.18. Concentration of surface complexesversus injected pore volume. (Dot line
for Salinity 0.5, dash line for Salinity 1, solid line for Salinity 2)

Figure 3.19. Concentration of surface complexes versus salinity
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Figure 3.20. Area between breakthrough curves versus salinity

3.3.5. PH. PH can change the equilibrium states of all complex reactions. For the
injection less than 1.3 pore volume, more sulfate adsorption happens in PH6 test. But it
becomes inverse after 1.3 pore volume in Figure 3.21.
Figure 3.22 illustrates there is a slight effect of different pH for the concentration
of complexes. In Figure 3.23, >CaCO3- and >CaOH2+ have evident decreasing when pH
over 10. As pH increasing the concentration of OH- and CO32- rise. Thus, the concentration
of >CaSO4- decreases since less adsorption of sulfate on the surface.
The area between breakthrough curves slightly decreases with pH increasing from
6 to11. That means less sulfate adsorption happens on high PH.
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Figure 3.21. Breakthrough curves for different value of PH

Figure 3.22. Concentration of surface complexes versus injected pore volume. (Dot line
for PH 6, dash line for PH 8, solid line for PH 10)

39

Figure 3.23. Concentration of surface complexes versus PH

Figure 3.24. Area between breakthrough curves versus PH
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3.3.6. Equilibrium Constant. The number of equilibrium constant can determine
the concentration of each composition at equilibrium. Equilibrium constant always has the
same value as long as keeping the same temperature. However, different experiment
provides differ value. It is important to analysis the effect from these values. Figure 3.25
compares the breakthrough curves generated using different logarithmic value of
equilibrium constant form 1.6 to 2.6. A larger K value means greater affinity of sulfate to
the surface so that more sulfate can adsorb onto the solid surface. With the same other
parameters, this will lead to more sulfate affix to surface sites, which can alter the rock
surface to a more water-wet state. It shows more sulfate adsorption from the injection
beginning to the end with a higher value of equilibrium constant.
For Figure 3.26, all complexes keep at the same concentration with different
salinity. During injection the test with highest equilibrium constant comes with lowest
concentration of >CaCO3- and highest concentration of >CaSO4-, >CaOH2+ and >CO3Mg+
barely changed.
The surface concentration of >CaCO3- decreased with equilibrium constant
increasing in Figure 3.27. In the meanwhile >CaSO4- shows an inverse trend, it keeps
increasing with salinity increasing from 1.1 to 3.1. Other complexes have slight difference
with different salinity.
In Figure 3.28, the area between breakthrough curves keeps increasing from 1.1 to
3.1 for the logarithm of equilibrium constant, which also shows more and more rapidly.
The Awett increases over 20 times form the beginning to the end, which shows a significant
effect by equilibrium constant.
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Figure 3.25. Breakthrough curves for different value of equilibrium constants. (LogK 1.6
for 101.6, LogK 2.1 for 102.1, LogK 2.6 for 102.6)

Figure 3.26. Concentration of surface complexes versus injected pore volume. (Dot line
for Log K 1.6, dash line for Log K 2.1, solid line for Log K 2.6)
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Figure 3.27. Concentration of surface complexes versus equilibrium constants

Figure 3.28. Area between breakthrough curves versus equilibrium constants
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3.4. ANALYSIS OF VARIANCE
Taguchi’s method was used for orthogonal array test to analysis the variance, which
is an analysis technique that helps to look for variation in average performance. This
approach makes use of variable input parameters in order to study their effect on change
and overall performance of some output. Using Taguchi’s method enables the tests to be
designed more efficiently. Without Taguchi’s method, 729 tests would be required. With
Taguchi’s method, only 16 tests are required. The same data can be deduced without the
need to carry out all tests by using an orthogonal array and mathematical equations.
By carrying out a sensitivity analysis and an analysis of variance, one can determine
the contribution of each parameter. It allows us to observe directly and compare the effects
each of the variables had in the value of Awett.
3.4.1. Ions. Mg2+, Ca2+, HCO3– and SO42− are four essential ions used for sensitivity
analysis. The R value is the range of Awett obtained for each level within the variable and a
measure of the variation between each level. This means that it gives a measure of how
much effect each variable has on the performance parameter (Area between breakthrough
curves). Table 3.5 and Table 3.6 show 9 tests that analyzed four different kinds of ions with
3 level each. From Table 3.7, Mg2+ variable has an R-value of 0.023. Ca2+ has an R value
of 0.147, HCO3– has an R value of 0.025 and SO42− has an R-value of 0.060.
This means that Ca2+ and SO42− have a greater effect than Mg2+ and HCO3– to the
area, which is consistent with multiple experimental observations (Zhang et al., 2006; Fathi
et al., 2010). Mg2+ and HCO3– have a negligible effect suggests that their concentrations
are not a limiting quantity in seawater.
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Table 3.5. Three levels of each independent variable
Medium
Small
Large

Test

Mg2+

0.045

0.023

0.090

Ca2+

0.013

0.007

0.026

HCO3 −

0.002

0.001

0.004

SO42−

0.024

0.012

0.048

Table 3.6. Area between breakthrough curves calculated for each test
Mg2+
Ca2+
HCO3 −
SO42−
Awett

1

0.090

0.026

0.001

0.024

0.2335

2

0.023

0.013

0.004

0.024

0.1485

3

0.090

0.007

0.004

0.048

0.0690

4

0.045

0.007

0.002

0.024

0.0905

5

0.045

0.026

0.004

0.012

0.2891

6

0.023

0.007

0.001

0.012

0.1059

7

0.023

0.026

0.002

0.048

0.1815

8

0.045

0.013

0.001

0.048

0.1233

9

0.090

0.013

0.002

0.012

0.1600

Table 3.7. Area between breakthrough curves for each level and resulting range for each
independent variable
Level
Mg2+
Ca2+
HCO3 −
SO42−
Small

0.145

0.088

0.154

0.185

Middle

0.168

0.144

0.144

0.158

Large

0.154

0.235

0.169

0.125

R

0.023

0.147

0.025

0.060
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3.4.2. Parameters. The parameters includes specific surface area, surface total site
density, Diffusion coefficient, Salinity, PH and equilibrium constant in Table 3.8. Effect
of each parameter has been introduced in 3.3. In Table 3.9, 16 tests have been run with 6
parameters to represent the results of 729 trials. From the result in Table 3.10, the
equilibrium constant has the most important effect for the area between breakthrough
curves. Because it can directly determine the chemical equilibrium state for SO42− and thus
the surface wettability. Specific surface area and surface total site density also have a
significant effect comparing to others. The total number of surface sites was calculated by
these two parameters, and it affects sulfate adsorption and transport. The diffusion
coefficient, Salinity and PH give narrower effects to the area between breakthrough curves.

Table 3.8. Three levels of each independent variable
Parameter
Medium
Small
Specific surface area

Large

2

0.2

4.8

3

2

5

1.43×10-10

5.1×10-11

2.4×10-10

Salinity

1

1/2

2

PH

8.4

6.4

10.4

Equilibrium constant

102.1

101.1

103.1

of chalk (m2/g)
Chalk surface total
site density (nm-2)
Diffusion coefficient
(m2/s)
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Test

Table 3.9. Area between breakthrough curves calculated for each test
SSA of
Chalk
Diffusion
Salinity
PH
Log k
Awett
chalk

TSD

coefficient

(m2/g)

(nm-2)

(m2/s)

1

2

3

5.1×10-11

1

8.4

3.1

0.5120

2

0.2

5

2.4×10-10

1

8.4

2.1

0.0269

3

4.8

2

5.1×10-11

1

10.4

3.1

0.4970

4

4.8

2

2.4×10-10

1

6.4

2.1

0.2932

5

2

2

1.43×10-10

2

10.4

2.1

0.1317

6

0.2

3

5.1×10-11

2

10.4

2.1

0.0185

7

0.2

2

1.43×10-10

1/2

8.4

3.1

0.0532

8

2

2

2.4×10-10

2

8.4

1.1

0.0234

9

0.2

3

2.4×10-10

2

6.4

3.1

0.0404

10

4.8

5

1.43×10-10

2

6.4

3.1

0.6636

11

2

5

5.1×10-11

1/2

6.4

2.1

0.1964

12

2

3

1.43×10-10

1

6.4

1.1

0.0220

13

4.8

3

2.4×10-10

1/2

10.4

1.1

0.0239

14

4.8

5

5.1×10-11

2

8.4

1.1

0.1274

15

0.2

2

5.1×10-11

1/2

6.4

1.1

0.0009

16

4.8

3

1.43×10-10

1/2

8.4

2.1

0.2337

17

0.2

5

1.43×10-10

1

10.4

1.1

0.0029

18

2

5

2.4×10-10

1/2

10.4

3.1

0.5082
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Table 3.10. Area between breakthrough curves for each level and resulting range for
each independent variable
Level
Specific
Surface
Diffusion
Salinity
PH
Log k
surface

total site

coefficient

area

density

(m2/s)

(m2/g)

(nm-2)

Small

0.024

0.167

0.225

0.169

0.203

0.033

Middle

0.232

0.142

0.185

0.226

0.163

0.150

Large

0.306

0.254

0.153

0.167

0.197

0.379

R

0.282

0.112

0.072

0.059

0.040

0.346
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1. CONCLUSIONS
In this study, a hydrogeochemical reactive transport model was built to understand
the mechanism of water-rock interactions under conditions of chemically tuned waterflooding of mixed-wet carbonate reservoirs. Experimental data available in the literature
was used to calibrate and verify the model. General agreement between the experimental
and numerical model suggested that the model has the capability to simulate water-rock
interaction under various conditions.
Based on a sensitivity analysis performed here, the equilibrium constant has the
most significant effect on Awett (separation area between reactive and non-reactive
breakthrough curves that is considered as an indicative of wettability alteration) from the
model. However, equilibrium constant cannot be controlled or engineered and it only
depends on reservoir temperature. Besides equilibrium constant, specific surface area and
surface total site density also played important roles in wettability alteration. These two
parameters determine the number of sites together and surface complexation reactions only
take place on surface sites. The concentration of complexes become very small (near zero)
under conditions where site number were low.
Mg2+, Ca2+, HCO3– and SO42− are concluded as four essential ions in the aqueous
phase. From the result of orthogonal array test, Ca2+ and SO42− have more effect on
changing Awett, which is consistent with pervious literature.
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On the surface of calcite >CaCO3-, >CaOH2+, >CO3Mg+ and >CaSO4- are four main
complexes. The concentration of >CaSO4- has positive relationship with Awett which
indicates the amount of sulfate adsorption and possibly wettability alteration.

4.2. RECOMMENDATIONS
Since the equilibrium constant has the most significant effect on the results, the
accuracy number of it for each reaction should be considered more. However, the different
number of equilibrium constant came from different kind of experimental measurements
for each reaction. As this reason, the optimum number of equilibrium constant should be
selected from the results of various measurements for future model.
In this study, water-rock interaction, aqueous phase reactions and calcite
dissolution were considered in the simulation model. Also, oil-water interface reactions
and carboxylic group adsorption/ desorption should be added in the future model. Then,
the oil component will be represented by carboxyl in the oil phase, which indicates oil
recovery will be measured by the simulator. More experimental data can be used to validate
the stability of simulation model in the future works.
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